A new microscopic origin responsible for the dissipation process of the large-amplitude collective motion is discussed in terms of the dynamics of distribution function in the time-dependent Hartree Fock (TDHF) phase space. With the use of a simple soluble model, the origin is illustrated by numerically solving the master equation in the microscopic theory of nuclear collective dynamics which has been proposed by the present authors aiming at studying the order-to-chaos transitions of the large-amplitude nuclear collective motion. In this framework, collectivity of the system is expressed by a bundle of trajectories in the TDHF phase space and the dissipation process is related to the diffusive property of the bundle of trajectories. It is clarified that the microscopic dynamics responsible for the dissipation process originates from the dynamical fluctuation part of the coupling between the collective (relevant) and intrinsic (irrelevant) degrees of freedom. § 1. Introduction One of the current major subjects in the nuclear studies is to disclose vicissitude of the nuclear collectivity, i.e, appearance, development, persistency, transfiguration, dissipation and termination (order-to-chaos transitions) of the large-amplitude collective motion. Aiming at clarifying such order-to-chaos transitions from a viewpoint of the microscopic non-linear dynamics specific for the nucleus, in the previous paper l ) (which will be referred to as I), we h,we proposed a general theory appropriate for treating a dynamics displayed by an ensemble of trajectories in the time-dependent Hartree Fock (TDHF) phase space. Here, the non-linearity comes from the strong self-consistency required in a self-bound, finite many-body fermion system as the nucleus, where the self-consistent mean field is well realized and the single-particle modes of motion should adjust their features in accordance with a time evolution of the mean field described in terms of collective variables. Since the collective variables are in turn supposed to be expressed by a coherent sum of particle-hole excitations, the theory of nuclear collective dynamics should properly accommodate the self-consistent non-linear dependence between the single-particle and collective modes of motion. In particular, the non-linearity must playa decisive role in determining a dynamical path of the large-amplitude collective motion, because the large-amplitude collective motion itself means a substantial variation of the mean-field employed in describing its small-amplitude region. As a matter of fact, however, no microscopic t) Present
One of the current major subjects in the nuclear studies is to disclose vicissitude of the nuclear collectivity, i.e, appearance, development, persistency, transfiguration, dissipation and termination (order-to-chaos transitions) of the large-amplitude collective motion. Aiming at clarifying such order-to-chaos transitions from a viewpoint of the microscopic non-linear dynamics specific for the nucleus, in the previous paper l ) (which will be referred to as I), we h,we proposed a general theory appropriate for treating a dynamics displayed by an ensemble of trajectories in the time-dependent Hartree Fock (TDHF) phase space. Here, the non-linearity comes from the strong self-consistency required in a self-bound, finite many-body fermion system as the nucleus, where the self-consistent mean field is well realized and the single-particle modes of motion should adjust their features in accordance with a time evolution of the mean field described in terms of collective variables. Since the collective variables are in turn supposed to be expressed by a coherent sum of particle-hole excitations, the theory of nuclear collective dynamics should properly accommodate the self-consistent non-linear dependence between the single-particle and collective modes of motion. In particular, the non-linearity must playa decisive role in determining a dynamical path of the large-amplitude collective motion, because the large-amplitude collective motion itself means a substantial variation of the mean-field employed in describing its small-amplitude region. As a matter of fact, however, no microscopic t) Present Address: Research Institute for Fundameptal Physics, Kyoto University, Kyoto 606. theory of such a large-amplitude collective motion had been developed with paying careful attention to the above stated non-linearity until the self-consistent collective coordinate (SCC) method 2 ) was proposed. Consequently, it is an important subject to investigate the order-to-chaos transition mechanism of the large-amplitude collective motion in connection with the microscopic non-linear dynamics of the TDHF theory ·before evaluating various effects coming from two-body collision terms.
In order to clarify how to treat the order-to-chaos transition mechanism on the basis of the TDHF theory, we start with briefly summarizing the basic idea of the theory in 1. Since the TDHF equation is known to be equivalent to a set of classical canonical equations of motion 3 ) in the TDHF particle-hole phase space (symplectic manifold), the collective property of the system may be discussed in terms of characteristic features exhibited by a time development of an ensemble of trajectories in the TDHF phase space. If many trajectories with similar initial conditions develop too randomly to keep their initial focussing, their time evolution shows a stochastic situation of the system. One the other hand, we may consider the other extreme case where many trajectories with slightly different initial conditions develop in a similar way during a long enough time, forming a bundle of trajectories. In this case, the ensemble of trajectories is regarded to exhibit a well developed collective situation of the system and it becomes possible to introduce a concept of "collective trajectory" which is obtained by averaging over the ensemble. The collective trajectory is called a representative trajectory of the bundle and its degree of collectivity is measured by an amount of trajectories accumulating around it.
In order to unambiguously describe the order-to-chaos transition dynamics, which causes the system to change from the collective (regular or ordered) situation to stochastic (chaotic) one, it was the first task of the theory in I to define an "optimum" canonical coordinate system where a minimum number of relevant variables is required in describing the representative trajectory. The optimum canonical coordinate system is called a dynamical canonical coordinate (DCC) system and provides us with the most suitable coordinate system, because the time evolution of the representative trajectory is supposed to be simply described by the minimum number of coupled-differential equations (canonical equations of motion) for the relevant variables alone. The rest canonical variables in the DCC system are called irrelevant variables. A determination of the DCC system for a given representative trajectory has been achieved by finding out a non-linear canonical transformation from an initial canonical coordinate (ICC) system employed at the beginning in describing the ensemble of trajectories to the DCC system. It turned out in I that the transformation is successfully specified by imposing two conditions, called the kinematical and dynamical conditions .. The former condition simply requires that the transformation should be a canonical one. The latter condition is originally formulated in the SCC method,2) and requires that the total Hamiltonian on the collective submanifold (surface), on which the representative trajectory is travelling, should be stationary with respect to small variations toward all irrelevant directions perpendicular to the surface. This condition is hereafter called the stationarity condition, which implies that the collective submanifold is required to be an approximate integral sur/ace for the representative trajectory.
It was the second task of the theory in I to derive the basic equations which describe the dynamical evolution of the collectivity displayed by the bundle of trajectories. The time evolution of an ensemble of trajectories is generally organized by the Liouville equation for a distribution function which expresses many representative points distributed in the TDHF phase space. Applying the time-dependent projection operator method of Willis and Picard 4 ) to the Liouville equation expressed in the DeC system, we have a coupled master equation for partial relevant and partial irrelevant distribution functions, which provides us with the most suitable framework . in discussing the order-to-chaos transition dynamics of the ensemble of trajectories.
Essential advantages of the general theory in I are three-fold: i) A set of relevant variables for describing the representativ:e trajectory is not introduced by hand from the outset but is dynamically extracted by the sec method where the microscopic non-linearity of the TDHF theory is carefully taken into account. ii) Since the DeC system is determined in a consistent way with the sec method, i.e., a set of irrelevant variables is introduced in a way compatible with the relevant variables, the use of the DeC system enables us to discriminate the trajectories running near the r~presenta tive trajectory from those which are deviating far from it. As the former trajectories contribute in preserving the collectivity while the latter playa role to dissolute it, an . introduction of the DeC system is of decisive importance in discussing the order-tochaos transitions. iii) In contrast with the conventional time-dependent projection operator approach 5 ) developed in the non-equilibrium statistical physics, the coupled master equation in the DeC system does not employ any statistical ansatzs even for the irrelevant degrees of freedom but properly describes the dynamical evolution of both the relevant and irrelevant degrees of freedom. Consequently, the theory proposed in I is rich enough to explore what is microscopic mechanism responsible for the dissipation process of the large-amplitude collective motion and why nuclei governed by the deterministic equation exhibit the probabilistic and statistical aspects.
The objective of the present paper is to illustrate physical ingredients of the general theory by the use of a simple soluble model, taking the first step toward the comprehensive exploration into these fundamental problems. With the simple soluble model, we start with numerically simulating a time-evolution of an ensemble of trajectories whose initial form is given by the most collective bundle of trajectories, called a stationary bundle. Here, the stationary bundle is characterized by a product of the following partial relevant and iI:relevant distribution functions: The relevant partial distribution function consists of representative points on stationary orbits in the collective submanifold, whereas the irrelevant part is expressed by representative points with small variance around the collective submanifold. Thus; the initial stationary bundle represents the well-developed collectivity with sharp focussing of trajectories upon the collective submanifold. Since the collective submanifold is defined by the sec method so as to satisfy the stationarity condition, the relevant and irrelevant partial distribution functions controlled by the coupled master equation gives the most appropriate framework in characterizing the stationary bundle.
What we are going to study in this paper is the microscopic dynamics responsible for the dissipation process associated with the time-evolution of the ensemble of trajeCtories, which are schematically represented in Fig. 1 . In the left part of Fig. 1 , the initial stationary bundle is illustrated. The time-evolution of the bundle is governed by the Liouville equation and we may eventually obtain three different characteristic situations after a long enough time; a) collective situation: The ensemble of trajectories develops collectively, keeping its initial sharp focussing. b) dissipative. situation: A part of the ensemble develops quite differently from the initial stationary bundle whereas the rest major part of it retains well organized collectivity. c) stochastic situation: Trajectories in the initial stationary bundle evolute completely randomly with one another so as to lose their initial focussing. The microscopic origin of these diffusive features of the ensemble of trajectories will be studied by means of the coupled master equations derived in 1. By introducing appropriate quantities defined by averaging over the ensemble of trajectories, and by partially integrating over either the relevant or the irrelevant degrees of freedom, we will examine the dissipation process of the large-amplitude collective motion.
In § 2, we will briefly recapitulate the basic equations of the theory proposed in I together with various properties of the collective submanifold. A detailed analysis of the dissipation mechanism by the use of numerical results for the simple soluble model will be presented in § 3. IIi contrast with the usual understanding that the major dissipation mechanism is not contained in the dynamics of the TDHF phase space but is coming from the two-body collision term, it will be shown that there is still an important dissipation mechanism (connected with the order-to-chaos transitions) within the former. Section 4 will be devoted to the summary and discussion on the future problems. § 2. Description of ensemble of trajectories
Introduction of DCC system
In the TDHF theory, the nuclear dynamics is described in terms of the timedependent single Slater-determinant state i¢(t». Since the Slater determinant is parametrized by a set of canonical variables 3l (C *, C: j = 1, ... , K) which are directly related to the particle-hole amplitudes, the TDHF equation is alternatively expressed by a set of classical canonical equatioris of motion
Here K denotes the total number of particle-hole pairs and the classical Hamiltonian H is defined as H(Cj *, Cj)=<¢iHi¢> with the microscopic Hamiltonian H for the nuclear manyobody fermion system. Equation (2 ·1) determines a TDHF trajectory in the 2K-dimensional TDHF phase space S 2K: {C*, C: j=l, ... , K}. As the Hamiltonian H contains non-linear terms by definition, the TDHF trajectory shows characteristic behaviour of a non-integrable Hamilton system with K degrees of freedom.
As discussed in § 1, the collectivity in the classical system in the TDHF phase space may be defined by a specific feature displayed by an ensemble of trajectories. In the collective situation, many trajectories with similar initial conditions develop collectively in S 2K by forming a bundle. In this case, we may introduce a meantrajectory of the bundle, which is identified to be the representative trajectory of the bundle. The representative trajectory ought to travel on a small-dimensional collective submanifold .L;'call embedded in S2K, i.e., there must be an approximate integral surface .L;'2L (L4:..K)=.L;'call for the representative trajectory. The surface .L;'2L should be expressed by the minimum number of relevant canonical variables 2L, provided that we employ an optimum canonical coordinate (called the DeC) system specific for the representative trajectory under discussion. Thus, canonical variables in the DeC system are classified into relevant variables;
where the relevant variables consist of the minimum number of canonical variables necessary for specifying the collective submanifold .L;'call, and the irrelevant variables describe small fluctuating motion of the trajectories perpendicular to .L;'call. Since the DeC system should be related to the ICC system through a general non-linear canonical transformati~n, C j = Ci1'}, 1' }*; ~, e) and C.C., there must hold the canonical vari- where 5 is a real function of (7), 7)*, ~, ~*) and specifies the canonical transformation between the ICC and DeC systems. In order to get the canonical transformation, it is reasonable to introduce the following approximation scheme called an ( 
, n=O (2'6) According to the sec method, the time-evolution of the representative trajectory is described by both in the ICC system and
in the DeC system. The square brackets in Eq. (2·7) simply imply that these relations should hold only on L;'COll. By eliminating the time derivatives from the two time-dependent equations in Eq. (2· 7), we have an equation 
provided that the boundary condition on Icon is set up with the initiaI.condition for the representative trajectory with the appropriate choice S(O)=O. The lowest order quantities [Cj ] and [C*] thus determined define a diffeomorphic mapping (2·10) which gives us information how the collective submanifold Icon is embedded in the TDHF phase space S2K. By requiring Eq. (2·3) to be satisfied in each order of the (e, ';:)-expansion, the higher order terms c(n)* and c(n) as well as s(n) in Eq. (2 ·4) are determined up to the desired order in a consistent way with the lowest order quantities defined by the see method. In this way, we get the Dee system which is the most optimal canonical coordinate system for the given representative trajectory of the bundle.
A characteristic property of the collective submanifold thus defined is expressed by the stationarity condition (i.e., the maximal decoupling condition) given by
which is proved by means of Eq. (2· 8) 
Since Eq. (2'1l) is satisfied at any point on Icon, the collective submanifold is regarded as a dynamical object where the total Hamiltonian is stationary with respect to small variations toward the irrelevant directions.
Dynamical evolution of ensemble of trajectories
Let us briefly recapitulate how to describe the collectivity displayed by ·an ensemble of trajectories. The time-evolution of the ensemble of TDHF trajectories is represented by that of the distribution function p(t)=p (7] , 7]*, .;:, e; t) in the TDHF phase space S2K. It is governed by the Liouville equation Since the discrimination between the relevant and irrelevant variables has been achieved by using the stationarity condition (2 ·n), it is meaningful to introduce the partial distribution functions defined as pq(t)=Tr~p(r;, r;*, ~, e; t)=pq(r;, r;*; t) , p~Ct)=Trqp(r;, r;*,~, e; t)=p~(~, e; t).
Using the quantities in Eq. (2·18), the coupling Hamiltonian HeouPI is divided into three different parts:
Haver(t)= Hq(t)+ Hit), .
Here, Hq(t) is obtained from HeouPI by averaging it over the irrelevant partial distribution function Pe(t) and represents a time-dependent partial Hamiltonian for the relevant variables. In the same way, we have the time-dependent irrelevant Hamiltonian Hit) which is derived from HeouPI by averaging it over the relevant distribution function pq(t). On the other hand, Hit) represents a dynamical fluctuation part around the averaged coupling Hamiltonian HaverCt). A time-dependent quantity Eo(t), which does not explicitly depend on any canonical variables and play no role in the Liouville equation (2·13), has been subtracted in defining the dynamical fluctuation part HLJ(t) so as to satisfy
The dynamical equation governing the time-evolution of the partial distribution functions is derived by applying the time-dependent projection operator method of Willis and Picard 4 ) to the Liouville equation in the Dee system. According to the projection operator method, the distribution function p(t) for the total system is divided into a separable part
Ps(t)=p,,(t)· P.(t) and a correlation part Pc(t)=p(t) -Ps(t).
With the aid of the time-dependent projection operator pet), which is defined as (2·21) and satisfies the relation
we get the master equation for Ps(t) from Eq. (2·13):
Ps(t)= -iP(t)'£ Ps(t)-edt' P(t).£ g(t, t'){l-P(t')}Ps(t') lto
Here get, to) denotes a Green function defined as
where T is the Dyson time-ordering operator.
In order to describe a time-evolution of an emsemble of trajectories whose initial form is given by the stationary bundle, we choose an initial condition for the distribution function p( t) at t = to in the following form:
This choice of the initial condition is smoothly acceptable because of the proper definition of the Dee system, and it provides us with a simpler master equation which does not contain the last term in Eq. (2·23).
Operating Tr" and Tr. on Eq. (2·23), we get the coupled master equations for p,,(t) and p.(t):
,(t)}p,,(t) -It-todrTr.'£Ll(t)g(t, t-r).£Ll(t-r)p,,(t-r)p.(t-r) , p .(t)= -i.£ .(t)p.(t) -It-todrTr,,'£Ll(t)g(t, t-r).£Ll(t-r)p,,(t-r)p.(t-r).
(2·26) 
H~mean(t)=Tr.HcouPIP.mean(t), H.mean(t)=Tr~HcouPIP~mean(t).
(2-28)
The approximation of using Eq. (2-28) is called the "self-consistent mean field"*) approximation, because only the averaged part Haver(t) of the coupling are taken into account whereas the dynamical fluctuation effects stemming from Hit) are discarded. § 3_ Dynamical fluctuation effects on dissipation mechanism
We are now at a position to explore the microscopic origin of the dissipative process of the large-amplitude collective motion displayed by the bundle of TDHF trajectories, by numerically solving the basic equations summarized in the previous section with the use of the simple soluble model.
Model Hamiltonian
The adopted soluble model is a modification of the SU(3) model used by Li, Klein and Dreizler,6) whose property has been well studied 7 ) in the TDHF phase space. The Hamiltonian of the model is given by
There are three levels with energies CO< Cl < C2 and each level has N-fold degeneracy.
The fermion pair operators Kij are defined as
where C]m and Cjm represent the fermion creation and annihilation operators, respectively. Hereafter, we will concentrate ourselves to a system with N particles, where the lowest state 1<1>0> in case Vi=O is given by *) The terminology "self-consistent mean field" approximation is after Willis and Picard.4) It should be noted that the "mean field" here represents an average over the emsemble of TDHF trajectories. We use it with the quotation mark in order to distinguish it from the single-particle mean field for nucleon in the TDHF theory.
With the aid of the single Slater determinant given by I ¢(t» = ei:Ei"1,2{fiKiO+h,C'}1 ¢o> , the TDHF equation is expressed as (3-4) (3) (4) (5) where 0 denotes small variations with respect to particle-hole amplitudes jj, jj*. By introducing new variables defined by (3) (4) (5) (6) we have a set of canonical equations of motion (3) (4) (5) (6) (7) which are directly derived from the TDHF equations (3) (4) (5) . Equation (3) (4) (5) (6) (7) determines a TDHF trajectory in the 4-dimensional TDHF phase space S4:{Cj *, C: j=l,
H=<¢(t)lfil¢(t» ;

2}.
Let us consider the representative trajectory which is described by only a single pair of canonical variables (CJ=I, C=l) when its amplitude is very small. By using this boundary condition on the small amplitude limit for the representative trajectory, the solution of the basic equations (2-3) and (2-8) to determine the DCC system is easily obtained without any approximation because the simple form is adopted for the two-body interaction in Eq. (3 -I). The DCC system and the collective submanifold 
H(ql, PI, q2, P2)=<¢(t)lfil¢(t»=HCOl!(ql, PI)+ HCOUPl(ql, PI, q2, P2),
Here it should be noticed that there holds the stationarity condition where the initial value PI (0) is determined by fixing the total energy E of the system to be E=8, 5 and 1, respectively. The numerical results are illustrated in Fig. 2 which is quoted from Ref. 7) . As is seen from Fig. 2 , the resulting TDHF trajectories starting from the vicinity of .L;'COll with E=8, 5 and 1 show quite dissimilar patterns to one another, reflecting the collective, dissipative and stochastic features of .L;'COll.
Time evolution of ensemble of trajectories
In the light of the microscopic dynamics displayed by the behaviour of individual trajectory whose specific features are summarized in the previous subsection, we try to disclose the dissipation mechanism of the bundle of TDHF trajectories by numerically solving the Liouville equation (2 -13). The initial distribution function pet =0) is chosen to be of the stationary bundle:
p(t=O)=pry(t=O)-p~(t=O)
with a specific form of the partial relevant distribution function
Pry(t=O)=Nry-o(HcOll(PI, ql)-EcOll).
(3 -15) (3 -16) Here 0 means the delta function and ECOll denotes a given collective energy carried by the relevant degree of freedom at the initial time t=O. Nry is the normalization constant determined by the condition (2 -16). Since there holds a relation (3 -17) pry(t=O) consists of the representative trajectories described by Eq. (3-13), i.e., the stationary orbits on the collective submanifold .L;'COll. The initial form of the partial irrelevant distribution function is assumed to be of a Gaussian distribution (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) where (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) In our numerical calculation, we use the same parameters as those in Eq. (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) and consider three different initial distribution functions with ECOll=8, 5 and 1 in Eq. (3-16), which correspond to three typical stationary bundles running on the collective, dissipative and stochastic regions of .L;'COll. As for the variance of the initial partial irrelevant distribution function, we choose which expresses the well-developed collective bundle with sharp focussing around ICOl!.
In order to solve the Liouville equation (2 ·13) numerically, we use the pseudoparticle method where the distribution function P(ql' q2, PI, P2; t) is simulated by a set of many representative "pseudo particles": 4 4 . :
.. ,;.~~.
"" (Fig. 3(a». (b) and (c) are for the cases Eco11 =5 and 1, respectively. 
Here the coordinates and momenta {qln(t), Pln(t), qzn(t), pzn(t)} of the n-th pseudo particle (n=l, "', Np ) are given by a numerical solution of the Hamiltonian equations of motion in Eq. (3·7) under various initial conditions which are generated randomly so as to satisfy the initial distribution given by Eqs. (3·16), (3·18) and (3·20). In our actual calculation, we take N p =10,000 and use the Runge-Kutta-Gill method for carrying out the numerical integration. Figure 3 illustrates the structure of the initial distribution functions in the TDHF phase space for three different cases with Econ=8, 5 and 1 and corresponds to the schematical picture shown in the left part of Fig. 1 . Since the relevant motion (expressed by the representative trajectory) on the collective submanifold 17 con is integrable, it is possible to introduce a typical recurrence time of the relevant motion rcon, during which the stationary orbit returns back to its starting point under a given collective energy Econ. The distribution functions at time t=4rCOIl are shown in Fig. 4 . By comparing Fig. 4 with Fig. 3 , we see the following interesting points: i) In the case with ECOll =8, the partial distribution functions at t=4rcon have almost the same structure as those at t=O. Namely, the ensemble of trajectories does not show a diffusive property, keeping its initial collectivity. In this case, the collective submanifold 17 COIl is regarded to be embedded in the regular (order) regime of the TDHF phase space S\ because the TDHF phase space neighbouring with the approximate integral surface 17 con plays a role to preserve the initial focu~sing of the bundle. ii) By comparing Fig. 4(b) with Fig. 3(b) , we see that the structure of the partial relevant distribution function p~(t) at t=4rCOIl diffuses from that at t=O. This diffusive property indicates that a part of the stationary bundle has escaped from 17 COll , even though an extent of diffusion is not quite large. As far as the partial irrelevant distribution function pit) is concerned, its variance at t=4rcon is much larger than that at t =0, indicating the excitation of the irrelevant degree of freedom. iii) In the case with Econ=l, Fig. 4(c) shows an almost ~ntire loss of the initial collectivity so that the ensemble of trajectories at t=4rcon spreads out over a wide domain of the TDHF phase space in both the relevant and the irrelevant degrees of freedom. In this case the ensemble of trajectories are in the stochastic (chaotic) regime of the TDHF phase space S \ and arbitrarily selected two trajectories out of the ensemble develop completely different manner with each other so that the ensemble exhibits diffusive property. The numerical calculation of the Liouville equation may be summarized as follows: Figure 4 represents three different schematic situations shown in the right part of Fig. 1 , and a vanishing process of the collectivity is expressed by the diffusive properties of the ensemble of trajectories. These properties shown in Fig. 4 well reflect the features of 17
COIl which are classified in Ref. 7) into three different specific regions, i.e., the collective, dissipative and stochastic regions.
From Fig. 4 , we get information on an applicability of the uS,e of the coupled master equation (2·26). Since the large mixing between the relevant and irrelevant degrees of freedom shown in Fig. 4(c) implies an incapability of separating the relevant degrees of freedom from the irrelevant ones, there exists no advantage of introducing the Dee system. Namely, the correlation part of the distribution function Pc(t)=p(t)-Ps(t) plays a dominant role for the ensem1Jle of trajectories whose initial relevant partial distribution function is running on the stochastic region of 17 c;: The distribution functions iI"mean(qI, PI; t) (left) and p"mean(q2, P2; t) (right) at t=4rcoll which express a result of evolution under the "self-consistent mean field" approximation starting with the initial condition with Ecoll=8 (Fig. 3(a». (b) and (c) are for the cases Ecoll=5 and 1, respectively.
The correlation part Pc(t) originates from the dynamical fluctuation part H,:J(t) in the coupling HCOUPI between the relevant and irrelevant degrees of freedom. In investigating the dissipation mechanism of the large-amplitude collective motion, therefore, it is quite important to examine two kinds of contributions due to the mean part Haver(t) and to the dynamical fluctuation part H,:J(t), separately. For this aim, we carry out a numerical calculation for Eq. (2·28) which is obtained under the "selfconsistent mean field" approximation. The numerical calculation is made by using the pseudo-particle method under the initial condition given by Eqs. (3 ·16), (3 ·18) and Fig. 4(a) , the dissipative one (£eoll=5, Fig. 4(b) ) and the stochilstic one (£eoll=l, Fig. 4(c) Fig_ 4(a) , the "self-consistent mean field" approximation well reproduces the exact solution for the case with Eeon=8. This numerical result clearly shows an inefficiency of H,/t) .as well as a minor importance of Pe(t) in the collective region. In the case with Eeon=5, however, the small diffusion character of p~(t =4 reon) displayed in Fig. 4(b) is not replicated in Fig. 5(b) . This discrepancy indicates that the diffusion character of p~(t) and p~(t) mainly originates from the dynamical fluctuation effects H.J(t) which are discarded in the "self-consistent mean field" approximation. Looking at Figs. 5(c) and 4(c), we see that the agreement between the exact treatment and the "selfconsistent mean field" approximation becomes much worse in the case Eeon=1. Consequently, the treatment to eliminate the dominant role of Pe(t) is not justified in any sense.
The effect of the dynamical fluctuation is evaluated in a more direct way in terms of a quantity (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) which represents the root mean square. of the dynamical fluctuation part H.J(t) of the coupling Hamiltonian HeouPl, because there holds the relation (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . In Table I , we list the ratio of the quantity to the average total energy (H>t=TrHp(t)=Eeon +TrHeouPIP~(t=O)-p~(t=O)=const for the three typical cases. They clearly show that the dynamical fluctuation effect plays more significant role as the diffusive property of the system increases.
Dissipation mechanism 0/ large-amplitude collective motion
Lt us discuss the dissipation of the large-amplitude collective motion in connection with the diffusion property of p~(t) and p~(t), whose characteristic behaviour is discussed in the previous subsection. For this aim, we calculate the mean collective energy eeon(t) and the mean intrinsic energy elntr(t) defined by Here, eeon( t) denotes the mean energy carried by the relevant degree of freedom whereas an increase of elntr(t) indicates a mean transferred energy from the relevant to the irrelevant degree of freedom through HeouPl. By means of these quantities whose calculated values are shown in Fig. 6 , we know how the ensemble of trajector- t/TcoU (c) 5 6 . ' Fig. 6 . The average collective energy CCOII(t) and the average intrinsic energy Clntr(t), as func· tions of the elapsed time, The solid line repre· sents the results of the time·evolution under the Liouville equation while the dotted line shows c~o'wn(t) and cl:i'i~n(t) under the "self-consistent / mean field" approximation. (a) is for the i~i tial condition with EcolI=8 ( Fig. 3(a) ) and (b), (c) for ECOIl=5, 1 (Figs. 3(b) and (c)), respectively. ies loses its collective energy and how the irrelevant degree of freedom gets excited. Aiming at clarifying the effects of the dynamical fluctuation term H,j(t) on the dissipation process, we also calculate
which correspond to the quantities in Eq. (3·23) under the "self-consistent mean field" approximation. As is seen from Fig. 6 (a) where a time dependence of cconCt) is shown in the case Econ=8, the initial collective energy Eeon is well preserved by only the releva.nt degrees of freedom. Since there are no strong time dependences in ccon(t) and ClntrCt), we see no energy transfer from the relevant to the irrelevant degrees of freedom. From these time dependences, it is stated that the collectivity incorporated in the initial stationary bundle is conserved when the bundle of trajectories is initiaUy travelling on the collective region of ..r con . It is also seen from Fig. 6(a) that the exact values of cconCt) and Clntr(t) are well replicated by those of c~1fn(t).and cl'Ar~n(t), respectively. This good agreement indicates no substantial effects of H,j(t) in the case Econ=8. Figure 6 (b) shows the case of Econ=5. In this case, the collective energy ccon(t) decreases in time from the initial value' ccon(t=0)=Econ=5 and then reaches a certain saturated value with small fluctuation. On the other hand, the intrinsic energy cintr(t) increases in time and seems to converge to a limit value. The characteristic behaviour of CCOl1(t) and Cintr(t) implies an energy transfer from the relevant to the irrelevant degrees of freedom, which indicates an onset of the dissipation process of the large-amplitude collective motion within the dynamics of the TDHF phase space.*) Here it should be pointed out that the "self-consistent mean field" approximation does not reproduce the characteristic behaviour of CCOl1(t) and cintr(t) but gives rather constant values of cg'o'irn(t) and c~'f~n(t) like in the case Ecol1=8. This disagreement strongly indicates that the dynamical fluctuation term Hit) provides an important microscopic origin in producing the dissipation process of the large-amplitude collective motion, accompanying the diffusion of the bundle of trajectories.
At the end of this section, it is worthwhile to mention why the dissipation process does not originate from the mean term of the Hamiltonian Haver(t) but from the dynamical fluctuation term Ht1(t). This property is not specific for the model Hamiltonian employed but is rather a general property, provided that we concern the dissipation process associated with the time-evolution of the ensemble of trajectories whose initial relevant distribution function is set to be the bundle of stationary orbits satisfying the condition (3 ·17), i.e.,
(3·25)
If the system exhibits a well-developed collectivity, the partial relevant distribution function prymean(t) in the "self-consistent mean field" approximation is expected to keep its initial form during a fairly long enough time. Namely, prymean(t) can be assumed to have a very weak time dependence so as to be approximated by the initial di"stribution function prymean(t) ~ pry(t =0) satisfying (3·26)
The amount of dissipation effects is supposed to be measured by the time derivative of the transferred energy from the relevant degrees of freedom to the irrelevant ones, i.e.,
With the aid of the definition in Eq. (2·29) and the relation (3·26), we have
H · mean(t)-T H.
. mean(t)~O < -rry COUPIPry =.
(3·28)
By means of Eqs. (2·28), (2·29) and (3·28), Eq. (3·27) is reduced into the following relation:
*) Here "dissipation" simply means a decrease of energy carried by the relevant degrees of freedom. Since our aim is to investigate why statistical aspects come out in such a finite many·body system as nucleus, any statistical ansatzs are excluded for the irrelevant degrees of freedom in our theory. Our knowledge is, however, in too primitive stage to relate the dissipation under discussion with thermodynamical concepts like heat or entropy.
=Tr.H~mean(t).{ -iJ: ~mean(t)p~mean(t)} =Tr~H~mean(t). {H~mean(t), p.mean(t)} =Tr~{H.mean(t), H.mean(t)}p~mean(t)=O.
(3·29) From Eq. (3·29), it is clearly seen that the dissipation process cannot be described within the "self-consistent mean field" approximation. This important conclusion also coincides with the importance of H&(t) in the dissipation process. § 
Discussion
By the use of the simple soluble model, we have illustrated a feasibility of the general theory proposed in I which intends to investigate how to define the largeamplitude collective motion by properly taking into account the non-linearity specific for the nuclear system and how to treat the dissipation process of it. According to the theory, the collective motion is described by a time-evolution of an ensemble of trajectories governed by the Liouville equation in the TDHF phase space and the degree of collectivity is measured by an amount of trajectories accumulating around the representative trajectory of the ensemble, i.e., by the variance characterizing the sharp focussing of the bundle of trajectories.
It is found that the diffusive property ofthe partial distribution functions shown in Fig. 4 is well understood by using the characteristic features of the collective submanifold .E COIl where the representative trajectory is situated. Namely, the concepts of collective, dissipative and stochastic regions of .E COIl turn out to playa decisive role in understanding the diffusive property of the ensemble of trajectories.
By numerically solving the Liouville equation for the distribution function whose initial form is set to be the most stationary bundle satisfying Eq. (3·17), we found a new microscopic origin responsible for the .dissipation process of the large-amplitude collective motion within the dynamics of distribution function in the TDHF phase space. Our results are summarized as follows.
i) The coupled master equation in the Dee system is applicable in both the collective and dissipative regions of .E COIl but not in the stochastic region. This incapability is due to the major importance of the correlated part of the distribution function Pc(t) in the stochastic region.
ii) The diffusive property of the distribution function gives rise to a dissipation of the large-amplitude collective motion.
iii) A dissipative process of the large-amplitude collective motion occurs for the ensemble of trajectories whose initial stationary orbits are situated in the dissipation region of .E It is quite interesting to know that the importance of the same origin due to the dynamical fluctuation part has also been emphasized by Pfitzner, Mlinchow and Madler 8 ) recently. In a subsequent paper, we plan to derive the transport equation of the FokkerPlanck type for the dissipative process of the ensemble of trajectories by properly paying attention to the effects coming from HAt). At the end of this paper, it should be mentioned that the present investigation is mainly concerned with the dynamics of the system whose initial relevant partial distribution function consists of stationary solutions of the collective Hamiltonian. In actual case, however, we may encounter another physical situation where p~(t) does not fulfill the relation (3-26) but evolutes in a strong time-dependent way (even though it is mainly governed by the collective Hamiltonian HCOll). In order to get the comprehensive understanding of the dissipation process, therefore, we also plan to investigate another time-evolution of the distribution function whose initial condition is set by another form.
